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The mechanical properties of artificial spider silks are approaching a stage where commercial
applications become realistic. However, the yields of recombinant silk proteins that can be used to
produce fibers with good mechanical properties are typically very low and many purification and
spinning protocols still require the use of urea, hexafluoroisopropanol, and/or methanol. Thus,
improved production and spinning methods with a minimal environmental impact are needed. We
have previously developed a miniature spider silk protein that is characterized by high solubility in
aqueous buffers and spinnability in biomimetic set-ups. In this study, we developed a production
protocol that resulted in an expression level of >20 g target protein per liter in an Escherichia coli fed-
batch culture, and subsequent purification under native conditions yielded 14.5 g/l. This corresponds
to a nearly six-fold increase in expression levels, and a 10-fold increase in yield after purification
compared to reports for recombinant spider silk proteins. Biomimetic spinning using only aqueous
buffers resulted in fibers with a toughness modulus of 74 MJ/m3, which is the highest reported for
biomimetically as-spun artificial silk fibers. Thus, the process described herein represents a milestone
for the economic production of biomimetic silk fibers for industrial applications.
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Introduction
The favorable mechanical properties (high strength, yet extensi-
ble) and the biocompatible and biodegradable nature [1–4] of spi-
der silk have triggered a quest to harness this material for various
industrial applications. Unfortunately, the production of native
silk is not feasible on large scale due to the territorial and canni-
balistic behavior of spiders [5]. Hence, there is a need for eco-
nomically feasible large-scale production methods of spider silk
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proteins (spidroins) using heterologous hosts [6]. Recently,
Edlund and co-workers have shown that an economically viable
production method using an Escherichia coli (E. coli) fermentation
process and immobilized metal affinity chromatography for pro-
tein purification would require an expression level of 10 g/l,
enabling a sale price of 23$/kg for artificial spider silk [7].

Spidroins are large proteins (250–350 kDa) and consist of
three distinct domains [8]. The poly-alanine/glycine-rich repeat
region is embedded between the N-terminal (NT) [9] and the
C-terminal (CT) domains [10], both of which respond with
020This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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conformational changes to a pH gradient along the spiders spin-
ning duct [10–13]. This pH dependency of NT and CT together
with shear forces trigger the assembly of the spidroins into
mature silk fibers.

The presence of the highly repetitive region between NT and
CT, containing up to a hundred tandem repeats, makes a high-
yield recombinant expression of native spidroins difficult to
achieve [14,15] due to limitations of the translation machinery
of bacterial hosts [16–18]. To attenuate these constraints codon
optimization and upregulating glycyltRNA are suggested as effec-
tive countermeasures [14,18–21]. Applying this strategy for
expressing spidroins in E. coli resulted in the highest expression
level reported thus far using a bioreactor (3.6 g/l, Table 1),
though it should be noted that this is before protein purification
and does not reflect the final yield. In addition to the relatively
low yields, the recombinant spidroins are prone to aggregate,
which is why common techniques to prepare the spinning solu-
tions (dopes) include the use of denaturing agents like urea/
guanidium for the re-suspension of inclusion bodies, hexafluo-
roisopropanol (HFIP) for solubilizing lyophilized proteins, and
methanol/isopropanol as a coagulation agent for spinning
[14,19,22,23]. Fibers produced using these methods have reached
the toughness modulus of native spider silk, provided that addi-
tional manual post-spin stretching is applied [14,19,22]. Never-
theless, these harsh conditions are very different from the
conditions spiders use to make silk [13,24] and leave the process
expensive and harmful to the environment [7,25].

To push the yield to the economically viable level of 10 g/l, we
speculated that the designed mini-spidroin NT2RepCT (two nat-
ural tandem repeat units flanked by the terminal domains)
known for its high solubility of up to 500 mg/ml in aqueous buf-
fers and proper response to lowered pH in biomimetic spinning
set-ups [26–29] (Fig. 1a–c), is a suitable candidate for expression
in a high-cell density culture. In support of this, bacterial
shake-flask cultivations employing the standard E. coli BL21
(DE3) strain express NT2RepCT with a yield in a range above
100 mg/l [26], which is a good starting point for further
optimizations.

Results and discussion
Our initial attempt to produce NT2RepCT in a high-cell density
culture (batch 150I) relied on our previous expression protocols
for shake-flasks [26] and a semi-defined cultivation medium with
glycerol as the main carbon source suggested by da Silva and co-
TABLE 1

Spidroin expression with E. coli using a bioreactor.

Culture size (l) Spidroina Expression level
(g/l)

Yield after purification
(g/l)

2–5 11R26 n.r. 1.5
2 96-mer 1.8 n.r.
2 32-mer 2.7 1.2
~2 MaSp2 3.6 n.r.
1.6 NT2RepCT 20.9 14.5

n.r. – not reported. n.a. – not applicable. a) The spidroin names reported in this table correspond to n
32 tandem repeat units of poly-alanine/glycine-rich regions. MaSp 2 contains 64 iterated consensus
b) Solvent used to resolubilize lyophilized artificial spidroins after purification. c) The composition of
for spinning artificial silk.
workers [30]. Thus, compared to the shake-flask protocol we
implemented several adjustments for the expression of
NT2RepCT in the bioreactor. First, instead of LB-medium, we
used a complex growth medium combined with trace metals,
phosphate buffer, and an additional carbon source (glucose
and glycerol). Second, protein expression was first induced when
the optical density at 600 nm (OD600) was >50, instead of around
1. Third, to enable continued growth we implemented a fed-
batch setup, with glycerol as the main feed [31].

Briefly, the culture was grown at 25 �C, before the temperature
was decreased to 20 �C when OD600 reached 50, and protein
expression was induced with IPTG (150 mM). Feeding with 40%
glycerol started automatically once the initial carbon source (a
combination of glycerol and glucose) was depleted (see Fig. S1
for the cultivation plots). After ~30 h pO2 suddenly spikes, indi-
cating that the depletion of the carbon source. When using this
protocol, 22 h after induction NT2RepCT reached an expression
level of 13.2 g/l in batch 150I.

Next, we wanted to investigate if moderately higher IPTG con-
centration for induction would increase the protein yield, and
likewise monitor how NT2RepCT accumulates after induction
(Fig. 2). To reduce the stress on the culture and enable continued
growth [32,33], we decided not to apply higher IPTG concentra-
tions than 250 mM. Independent of the IPTG concentration used
for inducing protein expression (150, 200, or 250 mM, named
batch 150I_2, 200I, and 250I, respectively), 20 h after induction
a plateau is reached with respect to the protein yield (Fig. 2b).
The highest NT2RepCT expression level was obtained with
250 mM IPTG, which gave 15.9 g/l (Fig. S2). However, a correla-
tion between the expression level and the IPTG concentration
in the tested range could not be observed (Fig. 2b), which means
that the differences are most likely attributed to experimental
batch-to-batch variations rather than differences in IPTG con-
centrations (compare also batch 150I and 150I_2, Table S1).

Finally, the cultivation of E. coli expressing NT2RepCT was
repeated once more but using a larger reactor vessel (final cultiva-
tion volume 1.6 l, batch 150IL). Since IPTG can be toxic to the
cells [34] and since we did not observe an improved final protein
yield when using higher IPTG concentrations (Table S1), we
chose to continue to induce the cultures with 150 mM IPTG. Ini-
tially, the bacteria were allowed to grow at 29 �C to OD600 of 77,
before reducing the temperature to 20 �C for induction. 21 h
after induction, the culture accumulated an impressive 20.9 g/l
of NT2RepCT (estimated with SDS PAGE Table 1, Fig. 1d, and
Size (kDa) Solubility after expression Solventb Reference

18 6 M urea HFIP [20]
290 8 M urea HFIP [19]
100 8 M urea and 2 M thiourea HFIP [14]
202 bufferc n.a.d [21]
33 20 mM Tris, pH 8 n.a. this study

ames reported in the listed references. For instance, “32-mer” means that the spidroin contains
repeats and the minispidroin NT2RepCT has 2 tandem repeat units and both terminal domains.
the buffer is not reported. d) The MaSp2 expressed in this study was not purified, and not used

17



FIGURE 1

Biomimetic spinning setup used to spin the minispidroin NT2RepCT, and comparison of the expression level, yield after purification, as well as the toughness
modulus of produced artificial silk with reference proteins/materials. (a) Schematic image of biomimetic spinning: A concentrated solution of NT2RepCT
(dope; protein concentration 300 mg/ml in mild aqueous buffer, pH 8) is extruded through a glass capillary into a spinning bath containing an aqueous
buffer, pH 5. The pH change and shear forces mimic the conditions of native silk spinning and induce immediate fiber formation. (b, c) The fibers are collected
continuously on a collection wheel with a speed of 46 cm s�1 (See also Supplementary Video 1). (d) Comparison of the expression level and yield after
purification of artificial spidroins (highlighted in green) that were previously expressed using E. coli in bioreactor cultivations (96-mer see Ref. [19], 32-mer see
Ref. [14], silk protein 11R26 see Ref. [20], and more details in Table 1). As a reference, the graph also includes the highest (to the best of our knowledge)
reported expression yields using E. coli for human insulin [47], human interleukin-6 [48], and surface protein A (SpaA) from Erysipelothrix rhusiopathiae [30]. (E)
The toughness modulus of NT2RepCT fibers (this study) compared to fibers from artificial spidroins 96-mer and 32-mer [14,19]; synthetic fibers Nylon 6 [49],
Kevlar (see method section in Supporting Information), and Carbon fibers (see method section in Supporting Information); silkworm silk[50], and native
dragline spider silk [4].
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Fig. S3. The expression level was also estimated considering the
dry cell weight to 20.8 g/l. See Fig. S4 and Table S1). A summary
of the cultivation parameters and yields is found in Table S1.

The improved cultivation conditions in combination with the
relatively small size (33 kDa) and the high solubility of
NT2RepCT are likely reasons for the high expression level after
culture harvest. Of note, the high solubility of NT has been
exploited to develop a tool for the production of aggregation-
18
prone proteins at large [35–39] and could contribute to high
yield and solubility also for NT2RepCT. The resulting 20.9 g/l is
nearly a 6-fold increase compared to previous bioreactor cultiva-
tions of spidroins [14,19,20,21], and twice the level that has been
judged economical for commercialization of recombinant silk-
based products [7]. In fact, this is among the highest protein
expression levels reported to date for E. coli produced proteins
[30,40–42].



FIGURE 2

Expression of NT2RepCT in E. coli in a high-cell density culture (0.35 l) using different IPTG concentrations. (a) OD600 of the E. coli culture over time before and
after induction. The induction point is indicated by the dashed line. (b) The concentration of NT2RepCT in the culture was estimated with SDS-PAGE as a
function of induction time.
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The downstream processing required no denaturing agents or
organic solvents, which makes the entire procedure sustainable
and environmentally friendly. After cell lysis using a 20 mM
Tris-HCl buffer at pH 8, an insignificant amount of NT2RepCT
FIGURE 3

Purification of NT2RepCT expressed in the bioreactor using IMAC. (a) SDS-PAGE
fold dilution); 3: lysate (2-fold dilution); 4: flow-through (2-fold dilution); 5: wash 5
(10-fold dilution); 8: 300 mM imidazole; l: Ladder. S1–S4 reference samples of N
Step elution of protein (black line) from a 20 ml HisPrep FF 16/10 with 100-, 20
250I) with 20 ml HisPrep FF 16/10 (blue line) or HiTrap Chelating HP four-time 5
of lysate, by using a fully automated protocol for repeated loading and elution
remained in the pellet after centrifugation (Fig. 3a), and ~95%
of NT2RepCT was present in the cell lysate. The target proteins
bound efficiently to the columns and the minimum concentra-
tion of imidazole required to elute NT2RepCT was investigated
of lane 1: Total cell content (2-fold dilution); 2: pellet after centrifugation (2-
mM imidazole; 6: 100 mM imidazole (10-fold dilution); 7: 200 mM imidazole

T2RepCT. S1: 0.225 mg/ml; S2: 0.45 mg/ml; S3: 0.9 mg/ml; S4: 1.8 mg/ml. (b)
0-, and 300-mM imidazole (green line). (C) Purification of NT2RepCT (batch
ml sequentially coupled columns (black line). (D) Processing large quantities
(batch: 150IL).
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by using a step gradient, which included 100-, 200-, and 300-mM
imidazole (Fig. 3b). While most NT2RepCT eluted with 100 mM
imidazole, elution with 200 mM was essential to maximize the
yield. Next, we compared the purification of NT2RepCT with
either 4x5ml HiTrap Chelating HP sequentially coupled columns
or a 20 ml HisPrep FF 16/10 column to test if the choice of the
column influenced the yield (Fig. 3c). The yield using the HiTrap
column was estimated to 11.2 g/l, which is indistinguishable
from 11.4 g/l, estimated with the HisPrep column.

Since the columns have a theoretical maximal binding capac-
ity of only 500–800 mg/20 ml medium, we had to establish an
automated protocol for repeated loading of lysate and elution
of protein to purify more than just a fraction of each batch
(Fig. 3d, see SDS-PAGE gel image of the purification in Fig. S5).
This made storage of the eluate for longer periods in the cold
(6 �C up to 24 h) indispensable. Unexpectantly, the eluate indeed
remained clear, and no protein aggregation was observed during
the storage of the centrifugated lysate. By using the automated
purification procedure, 14.5 g/l NT2RepCT was obtained from
batch 150IL, which is 10 times higher than previously reported
for recombinant spidroins (Table 1, Fig. 1d). Independent of
the batch, purification recovered approximately 70% of the total
expressed protein. Thus, the herein achieved production levels
and yields after purification, as well as the protein solubility
and stability during expression and purification, are unprece-
dented when comparing to previously published spidroin pro-
duction protocols (Table 1, Fig. 1d).
FIGURE 4

Representative SEM images show uniform fibers with a smooth surface on one
images of fibers which were spun using NT2RepCT from batch 150I. (c and d)

20
Biomimetic spinning was performed using a custom-made
device that extruded a concentrated NT2RepCT solution (dope)
with a pump-driven syringe through a pulled glass capillary into
an aqueous buffer (500 mM Na-acetate, 200 mM NaCl, pH 5)
(Fig. 1a–c) [26]. The silk formed immediately once the dope
entered the spinning buffer and was collected in air on a rotating
wheel placed at the end of the 80 cm long bath. This spinning
process is continuous (Supplementary Video 1) and was carried
out for several minutes but could in principle be extended to sev-
eral hours. From one bioreactor culture (1.6 l), 23 g of pure
NT2RepCT was obtained, which is enough to prepare 77 ml dope
(300 mg/ml). Considering the flow rate for spinning (17 ml/min)
and a reeling speed of 46 cm s�1, this amount is enough to spin
continuously for 75 h, which corresponds to a 125 km long fiber.

A closer investigation revealed that fibers made from
NT2RepCT produced in the bioreactor (batch 150I, 250I, and
150IL) had diameters of <12 mm and the morphology was similar
to previously reported fibers made from NT2RepCT produced in
shake flasks [26,43,44]. SEM revealed that the fibers are smooth
from one side and possess a longitudinal groove along the other
side. Under a light microscope, they appeared as straight, twisted,
or exhibited a longitudinal groove (Fig. 4 and Fig. S6 for represen-
tative micrographs), which are common morphologies of syn-
thetic artificial silk fibers [19,45].

A potential problem for commercial applications of artificial
silk fibers is the inherent variability in mechanical properties,
which can be observed even for fibers that are spun from the
side and a longitudinal groove on the other side. (a and b) Representative
Representative images of fibers spun with NT2RepCT from batch 250I.



TABLE 2

Mechanical properties of biomimetic silk fibers from NT2RepCT expressed in the bioreactor.

Batch Diameter (mm) Strain at break (%) Toughness modulus (MJ m�3) Strength (MPa) Young's modulus (GPa)

150I 11.5 ± 2.1 94% ± 36% 74 ± 40 99 ± 29 2.5 ± 0.7
250I 8.1 ± 2.6 86% ± 29% 70 ± 35 101 ± 30 2.8 ± 0.9
150IL 7.0 ± 1.2 87% ± 17% 64 ± 16 95 ± 20 2.2 ± 0.6

20 fibers were tested for each set. Outliers were not removed.

FIGURE 5

Stress–strain curves of NT2RepCT fibers produced in this study. For each set of fibers, 20 randomly selected fibers were tested. Outliers were not removed.
The data shown were smoothed to reduce the noise with a moving average function in Microsoft Excel�.

FIGURE 6

FTIR spectra of fibers from NT2RepCT (batch 150I and 250I), in the amide I
region (1700–1600 cm�1). The spectra were baseline subtracted and
normalized. A detailed description of the secondary structure analysis is
provided in the SI and illustrated in Fig. S7.
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same recombinant protein [26,27,43,44]. The most likely expla-
nation for these variations are subtle differences in the spinning
methods used in the respective studies, e.g., size and shape of the
capillary nozzle, speed of fiber collection, and time the fiber
spends in the bath before being collected in air. Thus, we spun
fibers from batch 150I, 250I, and 150IL paying meticulous atten-
tion to provide identical spinning conditions. NT2RepCT was
spun using a dope extrusion speed of 17 ml/min, a capillary open-
ing diameter of 35 ± 5 mm, and 80 rpm collection wheel speed
(46 cm s�1 silk fiber collection speed) with the wheel positioned
at the end of the 80 cm long bath. Our results show that
NT2RepCT produced from three different batches, purified with
different columns, and spun at different occasions exhibit
mechanical properties that are indistinguishable from each
other. The fibers are very extensible (strain at break ~90%), have
a significant strength of around 100 MPa, a Young’s modulus of
~2.7 GPa, and a toughness modulus of 70 MJ m�3 (Table 2 and
Fig. 5). The average toughness modulus value between the
batches varied by less than ±8%. Also, the Fourier Transform
Infrared (FTIR) spectra (Fig. 6 and Fig. S7) of fibers from batch
150I and 250I are very similar in the amide I region and showed
that the b-sheet content in both samples is ~40%.

The fibers produced using the herein described method have
higher strength and toughness modulus compared to previously
described as-spun (without post-spin stretching) artificial silk
fibers [26,27,43]. Compared to native dragline silk, the toughness
modulus of NT2RepCT fibers is around 50%, and compared to
artificial silk fibers that have been produced from recombinant
spidroins with reported expression levels >1.5 g/l, the toughness
modulus is equal or significantly higher (Fig. 1e). The large pro-
tein yields and practically feasible spinning method are impor-
tant stepping-stones for further improving the fiber properties,
e.g. by protein engineering approaches [46].
Concluding remarks
This study describes a protocol for expressing NT2RepCT with an
E. coli fed-batch culture that yields more than 14 g/l of pure pro-
tein. The protocol is surprisingly simple: a standard E. coli strain
and expression vector was used together with an optimized
21
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cultivation medium composition but without the need of upreg-
ulating glycyltRNA. In the race to make the production of artificial
spider silk economically feasible, this is an important step for-
ward. According to a previously published study the expression
levels of artificial spider silk proteins must reach 10 g/l to enable
a sale price of 23$/kg for artificial spider silk fibers [7]. The pro-
cess used for the cost estimation was similar to our method in
the expression and down-stream purification parts, but included
the use of organic solvents for fiber spinning. The high spidroin
expression level reported herein (~20 g/l) combined with the use
of solely aqueous buffers for fiber spinning vouch for economi-
cally feasible production costs.

Furthermore, the biomimetic spinning setup reported in this
study resulted in fibers with reproducible mechanical properties,
exhibiting a higher toughness modulus and strength than any
previously reported as-spun biomimetic spider silk fiber.

Materials and methods
A detailed description of the methodology used in this study
including all references are described in the Supplementary infor-
mation, available online. There, a description of how the bioreac-
tor cultivations were carried out, the exact purification protocol,
the biomimetic spinning procedure, and fiber characterization
techniques are found.
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